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Photoemission Study of a Strongly Coupled Electron-Phonon System
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We present high-resolution photoemission experiments ofItkgurface state of Be(0001). The
spectral function near the Fermi wave vector reveals a strong quasiparticle peak due to coupling
with surface phonon modes. The coupling constaris estimated to bd.18 *+ 0.07 based on the
renormalization of the effective mass. No gap was observed down to 12 K. Any interpretation of the
data based on charge density wave formation or surface superconductivity can therefore be discarded.

PACS numbers: 71.38.+i, 71.10.Ay, 73.20.At, 79.60.Bm

It has been recognized for many years that the surfaces about 10 A of the universal curve due to a high electron-
of Be have a behavior contrasting the bulk propertieshole pair and/or surface plasmon creation rate [12].
of this metal. The electronic structure of Be metal is The I'-surface state of Be(0001) is widely decoupled
dominated by the fraction ofs electrons promoted to from the bulk states and forms a nearly ideal two-
2p states, leading to severe deviations from the freedimensional (2D) electron gas on a poorly conducting
electron model. Some examples are an unusually highubstrate. The almost isotropic parabolic dispersion is
Debye temperature and Poisson’s ratio [1], as well aditted with an effective mass which varies between 1.17
a large diamagnetic susceptibility and a small electroni¢3] and 1.53 [9] times the electron rest mass. The Fermi
contribution to the specific heat [2]. From bulk band circle of the surface state has a radiu9®8 A=, corre-
structure calculations it is known that the Fermi level issponding to roughly half the distand&/ of the surface
situated in a dip in the density of states [2,3], leading toBrillouin zone (SBZ). Despite the fact that all these
a number of states &y an order of magnitude less than properties are rather well understood within the frame-
for other simple metals, e.g., Mg [3]. work of established theories, a recent scanning tunneling

The (0001) surface of Be does not reconstruct, but draswnicroscopy (STM) study revealed a quite unconventional
tic modification of the bulk properties can be anticipatedbehavior of this surface state [13]. The surface image
from the reduction in coordination at the surface. Low-obtained for small bias potential shows a complex pattern
energy electron diffraction (LEED) measurements reveabf electron density waves resulting from scattering at
large deviations of the interplanar spacing at the surfacenpurities and defects. These so-called energy-resolved
compared to the bulk. Large values for the mean squarEriedel oscillations are now well understood and can
displacement and thermal expansion are also unveiled [4he used to map out the dispersion of the surface states
and all of these physical parameters are well described biywvolved [14,15]. However, the Be study exhibits two
density-functional theory [5]. The surface phonon modesxceptional features: The amplitude of the electron density
investigated by electron-energy-loss spectroscopy (EELSyaves neaiEr is huge when compared to observations
could only be reproduced by calculations which assumenade on other surfaces [14], and this amplitude decreases
substantial variations of the nearest neighbor force cordramatically by orders of magnitude for larger bias
stants, inducing in the surface layer a reduction of thevoltage. Very recently, an electron-phonon coupling
interplanar bonding and an increase of the in-plane bondgarameter of 1.15 was extracted from a photoemission
ing [3,6]. A detailed calculation of the electronic structurestudy of the temperature dependence of the surface state
of Be(0001) [7] predicts the existence of surface states itinewidth [16]. This value ofA is 5 times the bulk value.
gaps of the projected bulk density of states (DOS), in good he authors claim this to be a possible indication for the
agreement with angle-resolved photoemission data [8,9Fxistence of surface superconductivity with a high critical
The charge density originating from the surface states isemperature [16]. Both the STM and the photoemission
essentially localized within the first two layers [7,10] and experiments suggest the occurrence of a quite unconven-
dominates the DOS & by a factor of 4 over the bulk den- tional mechanism modifying dramatically the nearly free
sity. As a consequence of the valence charge redistribielectron behavior of the surface state near
tion, the binding energy of this core level, which probes The aim of the present study is to investigate whether
the local charge density [10], is shifted with respect to itshigh-resolution photoemission spectra taken at low tem-
bulk value. Four distinct components resolved by x-rayperature can reveal the peculiar nature of the 2D states
photoemission spectroscopy could be related to emissiorelated to the giant charge oscillations observed by STM,
from layers at different depths below the surface [11]. Fi-and to test the prediction of superconductivity.
nally, the electron inelastic mean free path of 2 A atlow ki- The Be(0001) sample was mechanically polished and
netic energies (10—40 eV) is anomalously small comparedleanedin situ by cycles of Af sputtering at 850 K
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and anneding at dlightly lower temperature, with sub-
sequent slow cooling to room temperature. Contamina-
tion lines (carbon and oxygen) were barely discernible
in Auger spectra recorded with highest sensitivity and a
sharp LEED pattern was observed. Our experimental ge-
ometry is described in detail in Ref. [17]. The azimuthal
orientation of the sample alowed spectra to be taken
along the T M line of the SBZ. In order to exploit the en-
ergy resolution (5 meV) of our spectrometer, the sample
was cooled to 12 K by means of a He flow cryostat.
The sharpness and position of the Fermi edge have been
controlled on the Ta foil fixing the sample. All spec-
tra presented here have been measured with p-polarized
Hel light (21.2 €V), i.e., with the vector potentia lying
in the mirror plane of bulk Be. The angular resolution
is a crucia experimenta factor in this type of experi-
ment. For the variable polar angle, where the dispersion
is fast, we estimate the resolution to be 0.2°. For elec-
trons emitted from Er by Hel photons this corresponds
to Ak = 0.007 A~!. In the perpendicular direction, tan-
gentia to the constant energy curves of the surface state,
the resolution is less important and was fixed electroni-
cally to 0.5°—1° (Aky = 0.036 A1),

At T', the surface state was measured at a binding
energy of 2.73 eV, with a full width at half maximum of
400 meV at 300 K, in agreement with results of previous
studies [9,16]. Within our experimental accuracy, the
measured dispersion curve E(kj) of the surface state is
unaffected by the sample temperature in the range 12—
300 K [18]. Thisalowsadirect comparison of equivalent
spectra recorded at different temperatures.

Figure 1 shows a set of data in a narrow k range
near the Fermi level crossing. The relative intensities
are normalized to the measurement time, and spectra are
numbered for the sake of simplicity. They are labeled
by their wave vector with respect to kp, caculated
from the emission angles using a work function of
5.1eV [7]. From the bottom of the figure, the first
two spectra, Nos. 1 and 2, have the expected form
and evolution for a surface state moving toward Er.
This trend can till be recognized in the following two
spectra, Nos. 3 and 4, but a new weak structure emerges
around 60 meV. The relative intensity of this new
feature becomes important in the next spectrum, No. 5,
and finally dominates completely the spectral function at
kr (No. 6), obtained from the extrapolation of the full
dispersion curve of the conventional surface state. This
extrapolation is allowed since an isotropic Fermi surface
isnot altered by interactions[19]. For wave vectors larger
than kr (Nos. 7—10), the peak remains pinned at Er with
arapidly decreasing intensity.

In order to better characterize the narrow peak, we
measured spectra with maximum resolution in energy and
angle in the small energy range of 140 meV (Fig. 2).
These data clearly show the weak dispersion reaching
Er in the spectrum No. 6. For k > kg, the line shape
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FIG. 1. Photoemission spectra of the Be(0001) surface state
near ky, taken with p-polarized Hel photons (21.2 eV) at 12 K
aong the I'M line of the SBZ. The spectra are normalized to
the measurement time; wave vectors, corresponding to emission
from the Fermi level, are given with respect to kr. The
numbers are referred to in the text. The angular difference
between neighboring spectrais typically 0.5°.

remains unchanged, whereas the amplitude decreases and
an intensity excess above Er is observed (No. 7). The
true peak position in the spectra at k > kr cannot be
observed due to the cutoff by the Fermi function, but it
can nevertheless be anticipated that the excess in intensity
above Er and the shape of the peak indicate that the
maximum lies above the Fermi energy. Furthermore,
measurements at 300 K [18] clearly confirm the thermal
population of a high density of states for these values of
k and one can safely conclude that the state crosses Er.
This observation, together with the experimental position
and sharpness of the Fermi edge, exclude the existence of
agap a Er larger than 4 meV at 12 K. Since the spectral
function remains basically unchanged at least up to 60 K
[18], where a4 meV gap should be closed due to thermal
excitation, the opening of even such a small gap becomes
unlikely. Moreover, identical spectra were obtained in
the other high-symmetry direction I'K (not shown here,
see Ref. [18]) so that the existence of an anisotropic gap
can be ruled out. The suggestion of superconductivity
[16] can therefore be discarded, despite the resemblance
of the spectra to photoemission measurements from high-
temperature superconductors [20].
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FIG. 2. Asin Fig. 1, but taken with maximum resolution in
energy and angle (see text). The energy steps are 1 meV;
spectra are numbered as in Fig. 1, with an additional spectrum
No. 5*.

For the same reason, we can rule out an interpretation
based on the formation of a charge density wave (CDW),
since this requires the opening of a gap. Even if Ep is
pinned to the lower band edge, this model is incompatible
with our observation of the Fermi level crossing. A
further indication of the inadequacy of this mechanism
is the lack of extra diffraction spots in LEED images
observed at 60 K [21]. Normal emission photoemission
measurements on Na thin films yield spectra with an
unconventional peak near Er showing some similarities
with our data [22]. The different evolution of the peak
intensity and its poorly defined position, limited by
the resolution, make any comparison with our spectra
hazardous. Surface photoeffect and CDW formation have
been invoked to explain the Na data, but this question
remains an open controversy [23]. The peak close to
Er that we report here is fully consistent with the STM
observation of giant Friedel oscillations on Be(0001) [13].
The small bias voltages (=35 meV) required to obtain a
contrasted STM image establish that only electrons close
to Er are contributing, in agreement with the energy
range where this peak is observed in our photoemission
spectra. Our data demonstrate that the exceptionally
large amplitude of the electron density waves originates
from the very low dispersion of this state. Furthermore,
one can estimate that the anomalous peak provides a
sizable intensity contribution within a range Ak/kr =
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0.05, corresponding to the lower limit of the smearing in
the STM image [13].

The electron-phonon interaction is known to profoundly
modify the electronic states near E in acharacteristic en-
ergy region of the order of the phonon bandwidth wy,.
Recently, this mechanism has been invoked to explain
an anomalous intensity observed in photoemission spec-
tra from «-Ga(010) [24]. For Be(0001), w,, can be es-
timated from EELS measurements to about 60—70 meV
[6]. This strongly suggests that w,, sets the correct en-
ergy scale for the unconventional line shape evolution ob-
served in our spectra. A many-body ground state results
from the el ectron-phonon interaction and the excitations of
this observed with photoemission correspond to the spec-
tral function derived from the initial state by a perturbation
treatment [25]. Severa years ago, electron-phonon sys-
tems were treated within this formalism based on the cou-
pling between an additional electron and phonon modes
within the Debye model [26]. These results have been
extended to finite temperature and more realistic models,
and their relevance in different measurements has been dis-
cussed [27]. By taking advantage of the symmetry be-
tween electron and hole addition, these spectral functions
(eq., Figs. 14-17 in Ref. [26]) can be compared to our
spectra.  The agreement between experiment and theory
is at least qualitatively quite satisfactory; a sharp peak ap-
pears near Er when the energy of the hole with respect to
the Fermi energy becomes comparabl e to the phonon band-
width. The quasiparticle picture of the electron-phonon
coupling is valid only for energies either very near to or
far away from the Fermi energy on the scale of the phonon
bandwidth, but it breeksdownfor £ — Er = wpp, [26,27].
Closeto Er, this quasiparticle can be more conventionally
described as a hole excitation with a mass enhanced by a
factor of (1 + A). Inorder to estimate the mass renormal-
ization factor and, from this, the electron-phonon coupling
parameter, it is necessary to compare the dispersion a Er
with that at energiesfar below. These can belinearized in
the small region of interest.

In Fig. 3, the energy positions of the peak maxima are
plotted together with the fitted dispersion. Additionaly,
points extracted from spectra taken at 300 K have been
added to emphasize the crossing of the Fermi level. For
k = kr these high temperature points were obtained by
recording spectra with sufficient statistics in the tail above
Er to alow a subsequent division by the Fermi function.
Lines were fitted to the band dispersion for energies E —
Er > wp, and to the renormalized dispersion closeto Er,
both shown in Fig. 3. The ratio of the slopesis (1 + A).
Thisyields A = 1.18 = 0.07, in excellent agreement with
the value determined from the temperature dependence of
the surface state linewidth [16]. Common values among
the elements are mostly smaller than unity (for bulk
Be A = 0.24), except for some exceptiona cases, for
example, large gap superconductors like Pb, where A lies
between 1 and 1.6. Our data thus demonstrate that the
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FIG. 3. Energy positions of the peak maxima of the spectra
shown in Figs. 1 (solid triangles) and 2 (solid circles) as a
function of the wave vector (k — kr). The remnant feature
a Er for k > kr is indicated by small open circles. Peak
positions taken from spectra at 300 K (open squares) are added.
The lines are linear fits to the dispersion of the surface state and
the quasiparticle peak. The typical bandwidth of the surface
phonons w,y, is indicated.

Be(0001) surface has an individua behavior distinct from
the bulk, with a strong electron-phonon coupling at the
surface.

In conclusion, we have presented the first unambigu-
ous measurement of the spectral function of a strongly
coupled electron-phonon system. The phonon bandwidth
sets the correct energy scale for the unconventiona line
shape evolution observed in our spectra. The linear ap-
proximation of the quasiparticle dispersions yields a value
of 1.18 for the coupling parameter A. The evolution of the
spectral shape over the Fermi level crossing compares very
favorably with theoretical calculations of the spectral func-
tion [26,27]. No evidence for a gap opening up at 12 K
was found, and consequently, interpretations other than the
electron-phonon coupling can be discarded. These results
demonstrate the power of high-resolution photoemissionin
praobing the subtle nature of many-body states.
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